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1.0 TECHNICAL REPORT SUMMARY 

1.1 Program Objectives 

The long-range objective of this program is to develop an efficient and 

reliable ultra-wideband waveguide modulator for C0^ lasers that will be useful for 

high resolution, imaging optical radars and high-data-rate optical communication 

systems. Efficiency and reliability are obtainable by using integrated optics 
teclinology. 

During the reporting period (April 1975 to September 1975), major objectives 

are;  (1) to develop techniques that will improve the quality and strength of the 

infrared waveguide structure, (2) to establish the relative advantages of grating 

and prism couplers, and (3) to establish the micro wave characteristics of 

microstrip modulator configuration. These developments are essential for the 

generation of the predictable (Ref. I)-level of sideband power at 16 GHz. 

r 
1.2    Major Accomplishments 

I 

During the reporting period, we have experimentally established all three 

above mentioned objectives. The first accomplishment involves the improvement 

of techniques for fabricating bonded-down thin GaAs slab waveguides on optically 

flat copper base plates. This development provides the necessary strength to the 

waveguide structure which allows the use of two pressed-down Ge prisms as the 
input/output couplers. 

The second accomplishment involves the achievement of at least a factor of 

ten enhancement in optical transmission through the bonded-down waveguides by 

using prism couplers from previously reported measurements (Ref. 1) which were 

made on free-standing waveguides with two grating couplers. Finally, techniques 

have been developed to feed Ku-band microwave power into the GaAs thin-slab via 

a microstrip transmission line.  Both the coaxial and step transformer types of 

microwave couplers have been considered. The former has been experimentally 

tested and will be used in the interim experiments for sideband power generation. 

The latter has been designed and its characteristics shall be extensively studied 

with particular emphasis on its bandwidth and linearity. 

In a recent experiment using germanium prism couplers to feed the energy into 

and remove it from the waveguide, more than 3-W output was obtained from an input 

CO2 laser beam (TEM^) of 6 W, a transmitted power previously unattained with this 

1-1 
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type device. Results indicate that our present waveguide structure is capable of 

handling optical powers in the tens of watts. A similar structure has previously 
been tested with microwave power up to 100 watts. 

The waveguide strip is optically polished and bonded to an optically polished 

copper block.  Ion-beam milling is used for the final thinning of the GaAs bulk 

material to the desired thickness (typically 25 microns). The thickness variation 

over the entire length {>h  cm) of the wa-eguide is less than one micron.  A rugged 
device is formed, which permits the use of the most efficient prism couplers. The 

copper block forms the ground plane of the microwave modulator, which is designed 

to operate in the 10 to 18 GHz region. The copper is a good heat sink for both 
optical and microwave power. 

1.3 Future Work 

Work is in progress to generate sideband power at 16 GHz in the range from 

10 mW to 100 mW by using 25 micron thick GaAs waveguides bonded onto copper blocks. 

Optical couplers will be Ge prisms which are either pressed against or bonded onto 

the waveguide. Microwave power will be fed into the waveguide from the center of 

the microstrip. This modulator is designed in accordance with the standing wave 
configuration (Ref. 2) which should provide the greatest modulation efficiency 

provided that the loss of the transmission line is small (£ 1 dB). The measured 
loss of this microstrip line is 0.75 dB/cm. 

Work will be continued to improve optical waveguide structures. Of particular 

importance is the transmitted optical beam quality as well as the highest power. 

This work involves further refinement of waveguide fabrication procedures and 
characterization techniques of material defects. 

Finally, work will be directed toward the attainment of a laboratory model 

of a broadband traveling wave microstrip modulator for CO laser radiation which 

is capable of generating several hundred milliwatts of frequency chirped sideband 
power at 16 GHz. 

1-2 
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2.0 HIGH TOWEE IK WAVEGUIDE MDDULAIORS 

2.1 Introduction 

4-. „f nntlonl oouDlinK of Infrared waveguides have 
Extensive measurements of ^"^""^"^„^„g" f;aAs thin-slab «aveguldes 

previously been made on a number of the fr«-far>"^   transmlsslon through 

„Uh two ion-beam milled ^-'f^ ^^7/ ^0^1   t IntL anticipated value 

r* Ät rut-rtrs r.^ ^^ - r;--^r 
rti:r::u;r= rr-r^r^^^^^ 
S: ÄÄTÄ ÄHuT^ir^ su^d in 21g.  1. 
?o and Pt are the Incident and the transmitted ^ PJ"; "^ *      ^ " ^    " 
d?fferenJ types of -upUn. exper Imentses 3 hown^rn ,a ^(b)  and^c^^ ^^ 

mZ~7%~£ - ^put grating with a prism    the optl    1 transm.slon 
is enhanced by a factor of 10, «hieb rs ^    * e» f^    %££t o! caJM, 

^Z ZBT: itilZl^r^rU^ than to those of the output coupler. 

The disagreement between theoretical (Ref.   3) and experimental "•»»«»»' 

obtained independently by »«'«■ t*'-^ J ^11^ a perturbatl ,n theory (Ref.  3) 
dlocrepancy Is that previous calculations are ™^a °"      P significant change 
that assumes that the grooves of a gratmg coupler do not ^ * ^ 

in waveguide characteristics.    ^ ""«tl0° «^^ C      .facts in a wave- 
practical situation where grooves,   in fact, can  int™'"  „™ 
guide that will cause significant reduction in coupling efficiency. 

nr ^/rr^n Aatts  trans^ 

two prisms,  the    f"e-^fd^    ^in!slab „^eguides can easily be cleaved under 
limitations are such th^ these thin sia g „aveguldes have long been 
pressure.     Processes  for = -"« f^™ '        „f, "^f^s^eeeded In obtaining 
considered (Ref.  5), but not until very recently ,eslrea length Oh cm) and 
reasonably good V^*-^*^t??f%**££™j£Z of\ cm).    A 
the desired thichness »^^^ to »i. pSHw CaAs surface before bonding 
10micron-thich copper ^^^l^ ^ layer of lndium.     Biis copper film 

aldPnri^ flj to redu e the microwave propagation loss,    «ith these bonded- 

«r g r  v -• «»«-1« °e~"ts of the opticai transmssion 

u..^'j_-^.->,i-j.'i.', 
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characteristics using two gerBmnium prisms. In the following we shall describe 

the waveguide fabrication procedure in detail and discuss the experimental results 

on optical measurements. 

2.2 Fabrication Techniques 

2.2.1 High Power IR Waveguide Modulator Specifications 

The success of this program depends solely on the ability to fabricate wave- 

guides which will eventually approach the idealized waveguide configuration that 

-an yield predictable results. Previous investigations (Refs. 1 and 2) indicate 

that bonded thin-slab waveguide is the best choice for our application  From 

studies (Ref 2) of +he broadband matching of microwave power into a GaAs filled 

mini-gap transmission line it was -vident that more reproducible results can be 

achieved if the top and bottom copper electrodes were deposited onto the surfaces 

of the GaAs thin-slab with its bottom face bonded on a flat copper block, which 

forms the -round plane. A bonded waveguide also provides the necessary strength 

and rigidity to permit the use of prism couplers. The need for using prisms as 

optical couplers are evident from our previous studies (Ref. x) of two grating 

couplers on free-ctanding GaAs thin-slab waveguides. Optical performance of the 

modulator structure with two gratings is rather discouraging. Optical transmissior 

increases significantly when the input grating coupler is replaced by a prist. Only 

one prism coupler is all that the free-standing waveguide can afford. During this 

reporting period, work has been directly toward the development of bonded-down wave- 

guide structures. 

The specifications for the bonded-down GaAs waveguides are: 

1. Thickness to be in the ^ange of 20 to 30 i^m. 

2. Length to be greater than h  cm. 
3  Wedging to be less than 1 p,m over h  cm length. 
k\     Thickness of bonding layer to be uniform with a thickness not greater 

than 2 p,m. 
5. Surfaces of GaAs waveguides to be mirror-like finished. 
6. Waveguides to be free from process-induced damage. 
7      Edge rounding to be less  than 1 um. 
8. Copper electrode thickness to be uniform and greater than twice of the 

skin-depth. 
9. Copper supporting block to be optically flat and parallel to within 5 sec 

of an arc. 

In the following section, M ttmll describe our method of fabrication and 
outline the processing procedure for accomplishing or approaching these specifica- 

tions as listed above. 

2-3 
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2.2.2 Method of Fabrication 

High resistivity Cr-doped GaAs ingots in large size can be obtained from a 

number of vendors. Three major companies from which we have purchased materials 

are: Laser Diode Laboratory, Morgen and Texas Material Laboratory. 

All materials used for waveguides have always been carefully characterized 

by performing the Hall measurement and etch-pit density evaluation before slicing 

into thin wafers at the orientation [100] plane.  The thickness of these saw-cut 

wafers is typically at 15 mils. The typical wafer size is large enough to yield 

3 (l cm x U.5 cm) rectangular waveguide modulators. 

The first step in the fabrication procedure is to lap one face of the wafer 

which .serves as the reference plane.  This is accomplished by waxing the wafer on 

a flat rccper block, which is fastened to the polishing jig, as shown in Fig. 2. 

This precision polishing jig was developed by Bennet and Wilson (Ref. 3 and '4), 

wiJ.h a technique that can polish a single crystal specimen to a thickness of the 

order of 1 ^m, while maintaining the parallelism of the specimen without removing 

it from the mount.  It consists of an outer holder into which a hardened steel sleeve 

has been pressed.  Also attached to the holder are four steel legs, the ends of 

which are hardened and ride on the surface of the metal lapping plate. A piston 
runs inside the steel sleeve with a lapped sliding fit. 

The piston is rigidly fixed to a 5 inch diameter backplate and this in turn is 

attached to a front mounting plate by means of three springs and three angular 

adjustment screws.  The angular adjustment screws are used to correct the orienta- 

tion of the mounting plate and the wafer with respect to the lapping surface. 

Pressure loading is accomplished by incorporating a compression spring between 

two collars, one fixed to the piston and the other screwed on to the outer holder. 

Lapping is accomplished by placing the jig with attached GaAs wafer in the polishing 

apparatus manufactured by ieoscience Corporation.  The unique feature of this 

apparatus is that it provides a random walk agitation instead of the circular 
motion of most conventional polishing instruments. 

Mirror-Ilk« finishing of the lapped face is ac omplished by a gentle chemo- 

mechanical polishing through which only a few micror j thick material is removed 

from this lapped face,  A few microns polishing If not sufficient to remove the 

lapping-induced damages underneath the surface c the wafer, however, it does 

provide a mirror-like surface.  Further removal of the material by as much as 

several mils in thickness is accomplished by using ion-beam milling at a slow rate. 

The advantage of using ion-beam thinning techniques over the chemo-mechanical polish- 

ing is that ion-beam milling can perceive the integrity of the surface flatness, 

whereas the chemo-mechanical thining process always produces edge-rounding. The 

extent of surface distortion depends on the amount of removed materiax. Further- 

more, chemo-mechanical polishing requires pressure-loading on wafer that often 

produces sev^rt vedging difficulty.  The amount of stress induced in the wafer 

by ion-beam is not known.  Optical transmission measurements on ion beam trimmed 

waveguides indicate that propagation loss is caused primarily by the absorption of 

2-U 
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metal electrodes rather than by the imperfections of the waveguides (more discus- 

sion on waveguide losses is given in Section 2.3). 

This lapped and polished reference surface is now subject to vacuum deposition 

of 1 um thick copper film, on which additional copper is electroplated to a total 

thickness of about 10 pa. This copper layer is sufficient to form the ground plane 

for microwave transmission at Ku-band. This ground plane is then photoetched with 

1 cm x I»,5 cm rectangular pattern by the standard photolithographic technique. 

This pattern forms the actual waveguide configuration, and it must be oriented in 

line with the cleavage plane [110]. After photoetching these patterns, the wafer 

is scribed and then cleaved into waveguides, as shown in Fig. 3. 

For bonding of these pre-thinned waveguides, both surfaces of waveguide and 

the copper block are coated with approximately one micron thick indium. The l/h 

inch thick copper block has been carefully grounded and lapped with both surfaces 

parallel to - 5 seconds of an arc. This is at present time the limiting factor 

of the thickness uniformity of wedging of our waveguides. Techniques are being 

developed to overcome this limitation by refining our present gauging system.  The 

new technique for monitoring thinning process relies only on the front surface of 

the copper block. The basic gaff .ng system is a ncncontact gauging device for highly 

polished suiraces.  The probe (manufactured by Ames-Mercer with a trade name Hover- 

probe) is floating on its own cushion of air with remote electronic control system 

for rapid and accurate measurements of height variations to better than 0.1 p.m. 

The flat copper block with bonded GaAs wafer is mounted again to the 

precision polishing jig (Fig. 2). By similar lapping procedure, the other GaAs 

face is lapped from a typical thickness of 12 mils down to 2.5 mils. Similar 

thinning processes involving chemo-mechanical and ion-beam milling are used to 

bring the wafer thickness down to one mil. During these processes, waveguide 

thickness and thickness variation are monitored with the Hover-probe. The final 

thickness measurements are made with infrared spectrophotometer. 

To complete the modulator fabrication the top face of the bonded waveguide 

must be processed with a properly designed microstrip copper electrode configuration. 

This is accomplished by vacuum deposition of a thin layer of copper in the region 

where microstrip is located. Other surface area is protected by a layer of photo- 

resist, which leaves the only microstrip pattern exposed. Additional copper is 

introduced to the one micron thick microstrip by electroplating process to a thick- 

ness of about 10 |j,m.  The fabrication process is completed by removal of photoresist 

and the excess thin vacuum deposited copper film.  Figure h  shows a finished wave- 
guide modulator with a microstrip electrode on the top surface and a 10 t*a copper 

film for the ground plane (invisible). This waveguide modulator is ruggedly 

bonded on a l/U inch th_ck copper block to provide the necessary strength and power 
dissipation capability. 

tjmmm *-'■—- - —■—-—^.■~".^-*i***- 
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2.3    Optical Transmission Characteristics 

Two major points which concerns the optical performance of the waveguide are 
(l) transmission efficiency and (2) transmitted beam quality.    To a large extent, 
these two factors depend on the quality of waveguide and the prism couplers.    The 
transmission efficiency is a function of the air gap spacing 6 between the prism base 
and the upper boundary of waveguide.    Detailed calculation by Tein and Ulrich (Ref.  8) 
indicates that the attenuation coefficient a of the coupler is given by 

a e"2p26  sin 2»12 sin 2$32/teff tanei (1) 

where 

' 

p2 = k[(p/k)2 - I]* 

teff - t + 2/p2 

tanf 
P2 

12 /dh2 - (e/k)2]^ 
k 

?2 2-,i 

i /r„ 2      /_/,_N2- tane1      t/rV ■   (B/kn2   . 

The coupling efficiency is given by the well known formula 

Tl    -  2/«jCl - e"«^2 (2) 

where i  is the coupling length, which in general is dictated by the laser beam size. 
Assuming i =  0.5, 1.0 and 3.0, we have computed T] as a function of 6 for a Ge (n^ ■ 
k.O)  prism coupler on top of a GaAs (^ = 3.275) thin-slab (t - 30 pm) waveguide. 

The results are plotted in Fig. 5. 

Figure 5 indicates that for optimum prism coupling, the air-gap spacing 6 must be 
critically controlled. Typical 6 values lie in the range from 0.05 gm to 0.5 ^m 
depending on the order of the guided-wave mode. To excite lower order modes, higher 
pressure is required and can cause permanent damage to the bonded-down waveguides. 
Figure 5 also indicates that in the case of TE0 mode, the optimum coupling length £ 
is greater than 3 mm. In the case of TE-^ mode, Z  approximately equals to 1.8 mm for 
6 ■ 0.1 (jm. Another related problem is that it is essential to maintain a uniform gap 
spacing over the optimum coupling length. Imperfections in waveguides and in prism 
base in the form of wedging and rounding can reduce the coupling efficiency as well 

as the beam quality. 

2-9 
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ig have experimentally studied the optical transmission characteristics of a 

number of bonded-iown waveguides with two germanium prisms. These two prisms were 

made in-house several years ago and are not of the best quality especially in regard 

to the prism bases which are convexed with at least 0.12 minutes of an arc. Since 

they were the only prisms available, they were used in all experiments presented in 

this report. Prisms with considerably improved quality will be used in future experi- 

ments . 

Table I summarizes the optical transmission data accumulated to date. In all 

cases, the optical transmission through these waveguides via TE0 mode is considerably 

reduced frorr. that via TE-L mode. This is due primarily to the size of the laser beam, 

or the coupling length £, used in these experiments. Because of other considerations 

involved in the design of microstrip circuitry at the Ku-band as discussed in greater 

details in Chapter 3 of this report. Laser beam diameter used in these measurements 

has been limited to a value in the proximity of 1 mm. For £ -r 1 mm, the coupling 

efficiency T] for TEi mode is more than twice that for the TEQ moue, as shown in Fig. 5- 

From measurements of sample A with two different propagation lengths, it is noted 

that the propagation loss in a metal claded waveguide increases significantly with 

the mode order. These measured losses for various modes are in reasonably good agree- 

ment with our previously calculated (Ref. 9) loss values listed in Table II. Figure 

6 is a plot of the electrode absorption coefficient a (cm"1) as a function of waveguide 

thickness. Two data points as shown in Fig. 6 are obtained from the transmission 

measurements for sample D which has a total length of greater than k cm.    The measured 

results agree remarkably well with the calculated values (Ref. 9) in spite of the 

fact that the calculation assumes a gold electrode instead of the copper used in our 

experiments. For this reason, it is desirable to utilize TEy mode particularly for a 

long modulator (i.e., L ^ 3 cm). This implies that the laser beam size must be 

increased substantially and consequently, the width of the microstrip must also be 

increased from the present value of 1 ram. This will effect the microwave coupling 

and propagation characteristics of the modulator. However, a tradeoff analysis will 

be made by taking into account for a wider propagation path, i.e., W - 3 mm. 

From measurements of sample A, we obtain an extrapolated coupling efficiency for 

the TE0 mode to be 2C$, for the 1^ mode to be 60$, and for the TE2 mode to be 62f0 by 

assuming a 100$ output coupling efficiency in all cases. These results indicate that 

the air-prism gap spacing is about 0.1 ym. In spite of the poor quality of the prisms, 

these results are for the first time encouraging and they are approaching the theoreti- 

cal limit of 81$. 

We have obtained more than 3 watts output laser power from these waveguides by 

using a 6 watt C02 laser input. At tiis power level, waveguides have been subjected 

to optical densities of greater than  7 kw/cm2, over a time period of several hours 
without damage. This indicates that the present waveguide structure is capable of 

handling high power and providing high transmission. At this power level (6 watts). 

. -1 l 
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TABLE  II 

Electrode Absorption Coefficient a for TE Modes 
m 

a (cm"1) 

■ it  =  20  ymj (t = 25 ym) (t = 30 101) (t = 35 m) 

0 0.1092 0.0559 0.0323 0.0203 

1 0.UU05 0.221+6 0.1300 0.08l6 

2 1.0068 0.5102 0.2937 0.181+1+ 

3 1.8322 0.9201 0.5271 0.3300 

k 2.95T2 1.U658 0.83^ 0.520i+ 
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radiative cooling from the copper base plate is sufficient.    It is possible to further 
increase  its power hindling capability by ciiculating water through the copper block. 

Measurements were also made of the far-fitld output beam profile.    Figures 7 and 
8 are the transmitted beam profiles obtained from sample B and sample C,  respectively. 
Clearly the outcoupled beams in both cases arc distorted but the extent of distortion 
varies with the quality of waveguides.    The waveguide   (Fig.  8) having amore unifomity 
in thicj ness yields a relatively better output beam profile    in the far-field than the 
one  (Fig.  7) having    a relatively poor thickness uniformity.    The beam divergence 
angles for both cases are about the same and it is R characteristic of the output 
coupling.    The outcoupled beam quality, to some extert,  is governed by the quality of 
waveguides.    Accumulated experimental results so far seem to confirm this observation. 
Both coupling efficiency and beam quality appear to decrease with increasing waveguide 
tapering or wedging.    Fmthermore,  if ^he condition for aperture matching is not 
exactly met, the outcoupled beam in general is not symmetric and,   in fact,  it is often 
found to be slightly elliptical.    Since most of our experimental data were obtained 
for an input laser beam of 1 mm in diameter, which is one of the constraints imposed 
by microwave considerations, we found thfct the outcoupled beam shape is best for the 
TE-i  mode,  consistent with our calculations as shown in Fig.  5. 

Another often observed effect is the so-called "beam steering," which means that 
the diiection of mode propagation xn the waveguide has been altered.    The steering angle 
increases with increasing mode order and the magnitude  is typically in the milli-radians, 
In general, no meisirable beam steering il observed for the TEQ mode. 
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3.0    MICROWAVE CHARACTERISTICS OF IR WAVEGUIDE MODULATORS 

3.1    Introduction 

The microwave activities have resumed on the modulator shortly following 
recent significant  o^ogress 0.5 the optical coupling and on the fabrication of the 
bonded-duwn thin-sl.'.    GaAs structure.    Previous work with the mini-gap ridge wave- 
guide provided the i ^formation which justified carrying through another modulator 
experiment  similar to that reported  (Ref.  10)  earlier on optical sideband generation. 
It was recognized at a very early  (Ref.  2,  11)  stage of the program that the free- 
standing waveguide modulator structure -was not completely satisfactory because of 
its mechanical problems and lack of reproducibility in the microwave properties. 
For narrow band operation where the modulator is used as a resonator, reproducibil- 
ity can be compensated for with conventional external microwave tuners.    However, 
if broad band operation is desirec1,  a traveling wave modulator structure must be 
used.    In this c^se, broad band impedance transformations at the input of the very 
low impedance modulator transmission line must be carefully designed into the 
structure.    Any additional tuning for improving the power transfer in general will 
reduce the bandwidth.    For these reasons the improved waveguide fabrication tech- 
nique to produce reproducible waveguides with tight tolerance will become increas- 
ingly important as the program progresses from the resonator modulator to the 
broad band structure.    The improved fabrication technique which involves the pre- 
cision thinning of the active GaAs  slab after permanent bonding to a metal carrier 
greatly increases the survivability of GaAs waveguide when subjected to optical 
and microwave testing cycles.    The technique has also resulted in greatly improved 
thickness control which is very important for establishing the correct values for 
the microwave characteristic  impedances of the transmission lines, as well as for 
obtaining good transmitted laser beam profile. 

Broad band operation of the modulator requires that a series of short trans- 
mission lines,  connected in tandem have predetermined values  for characteristic 
impedance and length.    One approach is to use the accurate photolithographic tech- 
niques to obtain values of characteristic  impedances by varying microstrip line 
width».    Another technique would be to fabricate accurate steps  in ridge waveguides 
that can provide a board band matching to the modulator.    Still another technique 
would be to fabricate steps  in a coaxial line that connects to the GaAs sample. 
All of these have been considered and a selection has been made for future experi- 
mental investigation.    During this reporting period a number of newly fabricated 
microstrip lines have been evaluated.    They are designed specifically for perform- 
ing the sideband generation experiment.    Also during this reporting period, a 
broad band structure has been considered and fabrication of an experimental model 
is in progress. 

3-1 
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3.i Studies of Microstrip Waveguide Modulator Configurations 

Since great improvements were made on the optical transmission, plans are pro- 

ceeding to immediately repeat the sideband generation experiment before the study 

of a broadband microwave circuit is completed. The modulator structure selected 

for this experiment is a microstrip resonator. The reason for this choice is based 

primarily on the existing information (Ref. 2) on this structure t;ype. The advan- 

tage of using resonator type is that the modulator can be center fed through a short 

microstrip line, as shown in Fig. k,  with a high degree of confidence for reasonable 
impedance matching. 

The microstrip construction consists of fabricating a narrow metallic conduc- 

ing strip on the GaAs surface. The surface opposite to the microstrip is com- 

pletely metallized to form a good ground plane, ^or most efficient modulator 

operation the width of the strip is made equal to that of the laser beam. Intimate 

contact to the GaAs surface is assured by evaporation and electro-plating of metal- 

lic layers with high degree of thickness accuracy. The chief disadvantage is that 

characteristic impedances decreases with increasing the microstrip line width that 

causes difficulty in microwave power transfer. Nevertheless, the microstrip approach 

provides a rugged structure and high power dissipation capability. It is believed 

that good heat conduction through the thin-slab GaAs waveguide to the copper sup- 

port block is an important feature for making high power devices. 

For evaluating the microwave properties, long straight microstrip lines were 

first fabricated and experimentally analyzed. The details of the connection to the 

end of the line are shown schematically in Fig. 9. The connection is made by 

modification of a commercially available connector that provides a very precised 

transition from a coaxial line to the microstrip. Measurements of resonant fre- 

quency were made for several lengths and for several samples when the end is open- 

circuited and the input resistance is at resonance. The sketch in Fig. 9 also 

shows the details and thicknesses of the various layers.  It was found to be im- 

portant that both the ground plane and the strip must be thicker than 10 ^m to 

minimize microwave losses.  In the course of this work several other connections 

were evaluated such as a coaxial line perpendicular to the GaAs surface and a 

simple miniature coax line parallel to the surface. Neither were found to be sat- 
isfactory. 

The measured results at 16 GHz were: 

eeff = 12-2 

Attenuatum = 0.75 db/cm 
n =/eeff = 3.5 

3-2 
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These values compare favorably with values determined earlier for ridge wave- 

guide. (Ref. 2). 

The characteristic impedance could not be determined accurately because of the 

lack of precision on measuring a small impedance value. A value of Z =2.7 ohms 

for 25 ^m was estimated from an electrostatic model as follows: 

Zn = 377 -4- 0      V+2t 

where t is thickness of the GaAs waveguide and W is the width of the microstrip 

electrode. A photograph of a test line mounted in the test fixture is shown in 

Fig. 10. Great care was taken in the design to insure that the ground plane was 

not interrupted at the connector interface. Results of this preliminary investiga- 

tion are useful for the design of a narrow-band microstrip modulator for the in- 

terim experiment. The sample to be used is resonant at 15.6 GHz and has an input 

resistance at the center tap point of 5.6 ohms as shown in Fig. k.    With two \/h 
impedance steps built into the microstrip input line, and a modified connection 

(a longer extension from the center indicator), an input resistance of approximately 

25 ohms was measured at 15.6 GHz. At approximately 13 GHz an impedance of h0  ohms 
was measured. This degree of impedance matching is adequate for the interim modu- 

lation experiment. 

3.3 Broadband Modulator Design 

In the broadband phase of the work low loss becomes very important because the 

available microwave power is not unlimited. Since small flexible coaxial cables 

between the microwave source and the modulator can result in microwave losses as 

much as half its power, standard low loss rectangular waveguides will best be used. 

It therefore makes sense to design a direct transition from waveguide to the micro- 

strip modulator. This can best be done with a series of steps in a ridge waveguide. 

This approach in principle also allows a broadband transition to dimensions close to 

those of the waveguide modulator microstrip. A sketch of such a transition is shown 

schematically in Fig. 11.  A preliminary design has been completed and a testing 

structure is being fabricated. Because of the precision-ground mating surface 

lateral movement of the ridge will be necessary for making minor adjustments. The 

ridge, though the details are not shown in Fig. 11, will have sufficient pressure 

to maintain a close contact without damaging the GaAs sample. 

3-U 
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U.O OPTICAL MD MICROWAVE INTERFACE 

k.1 Introduction 

In Sections 2.0 and 3.0 we have examined the characteristics of optical and 

microwave waveguide modulators separately. To combine these two technologies into 

one practical and compatible hardware for broadband frequency chirping of a CO2 

laser beam it has been a rather difficult task ever since the start of this program. 

There have been many trade-offs and adjustment on both sides to accommodate each 

other. This section presents a modulator configuration which provide the necessary 

interface of the two aspects. This configuration is by no means the final version 

and is designed primarily for carrying out a second demonstration of side band power 

generation of a CO2 laser at the Ku-band. It is only for this reason that this 

configuration represents the best approach. 

Since our first demonstration of microwave modulation of CO2 laser (Refs. 10, 

11) by means of infrared waveguides, there have been several significant break- 

throughs in both optical and microwave modulator development as evident from the 

results of previous sections. The observed sideband power of our first attempt in 

1973 was barely resolvable by the infrared Fabry-Perot interferometer and the side- 

band power was estimated at a level between 50 to 100 micro-watts. Two mp.lor rea- 

sons for such low level sideband power generation in our first attempt are (l) low 

optical transmission and (2) short propagation length. Waveguide modulators, as 

presented below, yield typically a total optical transmission of - 20 percent over 

a propagation length of > 2.8 cm. These results represent an overall improvement 

of at least 50 times. 

k.2    Waveguide Modulator Assembly 

Most all of the components required to generate optical sideband power at 16 

GHz with the new modulator configuration are completed and the experiment is pre- 

sently being carried out. The active medium is made of the sample D as listed in 

Table I. Before processing the microstrip line, as shown in Fig. k,  the optica] 
transmission characteristic of this waveguide has been thoroughly examined. The 

apparatus used in performing optical evaluation of all bonded waveguides is shown 

in Fig. 12.  It consists of two precision-machined wedges placed :n a housing.  Tne 

top wedge is made to slide on the surface of the other by means of the micrometer 

drive.  In this way the waveguide and prisms can be moved up or down wita precision 

and control. Uniform pressure is applied to the flat top of these two identical 

prisms as they rise against top plates (not shown in Fig. 12). 

After optical evaluation, a microstrip transmission line is processed on the 

top surface of the waveguide. It is then subjected to microwave testing with the 

special fixture as shown in Fig. 13- This fixture has the identical design features 
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as the one shown in Fig. 10, with the exception that this fixture is made to fit 

the modulator housing (Fig. 12). The entire modulator assembly including the top 

covering plates is shown in Fig. lh. 

In addition to the waveguide modulator as shown in Fig. it, several waveguides 

with similar properties are being fabricated as the back-ups for the interim experi- 

ment. The waveguide modulator element has a T-shape microstrip line having a length 

of 2.7 cm, and a width of 0.1 cm. The microwave coupling will be similar to that 

shown in Fig. 9. A microwave source will deliver an input power of 20 watts at Ku- 

band and a COg laser will have an input optical power of 6 watts. 

From the expression (3) for calculating the optical phase-shift as presented 

in our earlier (Ref. 11) work, we estimate that a sideband power of about 6 mW can 

be obtained under above described conditions. More enhancement in the sideband 

power generation can be gained by increasing either or botn the optical and the 

microwave power with the present waveguide modulator structure. The results of 

this interim experiment and further development of a laboratory model of broadband 

traveling wave ridge waveguide modulators saitable for high power application will 

be reported in the next technical report. 

U-k 
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